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Original Research

Supraspinatus-to-Glenoid Contact
Occurs During Standardized
Overhead Reaching Motion

Gaura Saini,* DPT, Rebekah L. Lawrence,*† DPT, PhD, Justin L. Staker,*‡ PT, PhD,
Jonathan P. Braman,§ MD, MHA, and Paula M. Ludewig,*‡k PT, PhD

Investigation performed at the University of Minnesota, Minneapolis, Minnesota, USA

Background: Rotator cuff tears may result from repeated mechanical deformation of the cuff tendons, and internal impingement of
the supraspinatus tendon against the glenoid is one such proposed mechanism of deformation.

Purpose: To (1) describe the changing proximity of the supraspinatus tendon to the glenoid during a simulated overhead reaching
task and (2) determine the relationship between scapular morphology and this proximity. Additionally, the patterns of
supraspinatus-to-glenoid proximity were compared with previously described patterns of supraspinatus-to-coracoacromial arch
proximity.

Study Design: Descriptive laboratory study.

Methods: Shoulder models were created from magnetic resonance images of 20 participants. Standardized kinematics were
imposed on the models to simulate functional reaching, and the minimum distances between the supraspinatus tendon and the
glenoid and the supraspinatus footprint and the glenoid were calculated every 5� between 0� and 150� of humerothoracic ele-
vation. The angle at which contact between the supraspinatus and the glenoid occurred was documented. Additionally, the
relationship between glenoid morphology (version and inclination) and the contact angle was evaluated. Descriptive statistics were
calculated for the minimum distances, and glenoid morphology was assessed using Pearson correlation coefficients and simple
linear regressions.

Results: The minimum distances between the tendon and the glenoid and between the footprint and the glenoid decreased as
elevation increased. Contact between the tendon and the glenoid occurred in all participant models at a mean elevation of 123� ±
10�. Contact between the footprint and the glenoid occurred in 13 of 20 models at a mean of 139� ± 10�. Less glenoid retroversion
was associated with lower tendon-to-glenoid contact angles (r ¼ –0.76; R2 ¼ 0.58; P < .01).

Conclusion: This study found that the supraspinatus tendon progressively approximated the glenoid during simulated overhead
reaching. Additionally, all participant models eventually made contact with the glenoid by 150� of humerothoracic elevation,
although anatomic factors influenced the precise angle at which contact occurred.

Clinical Relevance: Contact between the supraspinatus and the glenoid may occur frequently within the range of elevation
required for overhead activities. Therefore, internal impingement may be a prevalent mechanism for rotator cuff deformation that
could contribute to cuff pathology.

Keywords: internal impingement; shoulder impingement; shoulder kinematics; shoulder motion

Rotator cuff tears affect approximately 40% of individuals
over the age14,25,40 of 60 years and are often associated with
significant pain and functional decline.34 There are many
theorized contributors to rotator cuff pathology (eg, hypo-
vascularity, diminished elastic properties, matrix composi-
tion, and tendon morphology).4,11,13,37,40 Repeated tendon
deformation from nearby anatomic structures during
shoulder motion is believed to be a common additional

contributory mechanism.28,39 However, specific causes,
magnitudes, and locations of rotator cuff deformation are
not well-understood, which limits our understanding of
potential mechanisms for degenerative rotator cuff
pathology.

Internal impingement of the rotator cuff against the
glenoid is one potential mechanism of rotator cuff deforma-
tion and may occur more frequently than previously
thought. Internal impingement was first identified in a
position of abduction in combination with maximal external
rotation.39 However, there is increasing evidence that
internal impingement may occur during glenohumeral
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elevation, even in the absence of maximal external rota-
tion.7,17,21,30,31 Consequently, the shoulder pain commonly
reported by patients above 90� of elevation—traditionally
attributed to subacromial impingement10—may be the
result of internal impingement of the supraspinatus on
the glenoid. This theory is supported by recent findings that
the supraspinatus has cleared the acromion in most people
by 90� of humeral elevation.2,19

Despite the increasing focus on internal impingement as
a potential mechanism for rotator cuff pathology, few stud-
ies have investigated kinematic and anatomic factors that
may affect the minimum distance between the supraspina-
tus tendon and the glenoid. A previous study7 of 9 asymp-
tomatic participants evaluated the effect of active
humerothoracic elevation on the supraspinatus-to-glenoid
minimum distance. Those authors found the smallest
supraspinatus-to-glenoid distance at the maximal humer-
othoracic elevation tested—approximately 100�. However,
it remains unclear the extent to which tendon proximity to
the glenoid changes throughout the full range of humeral
elevation. In addition, individual anatomy—particularly
variations in the glenoid shape and orientation—may have
an effect on the proximity of the supraspinatus tendon to
the glenoid.9

The purposes of this study were to (1) describe the chang-
ing proximity of the supraspinatus tendon to the glenoid
during a simulated overhead reaching task and to (2) deter-
mine the extent to which scapular morphology affects this
proximity. We hypothesized that the distance between the
supraspinatus tendon and the glenoid would decrease as
humerothoracic elevation increased and that scapular mor-
phology would have no relationship with supraspinatus-to-
glenoid proximity.

METHODS

Participants

Institutional review board approval was received for the study
protocol, and participant enrollment occurred from 2013 to
2016. A total of 20 participants from 2 groups (n ¼ 10 symp-
tomatic; n ¼ 10 asymptomatic) were recruited for this study.
Asymptomatic participants were of interest, in addition to
symptomatic participants, because of the high prevalence of
asymptomatic tendinopathy and rotator cuff tears.1

For the symptomatic group, participants were included if
they reported current pain or a history of pain in the ante-
rolateral region of the studied shoulder; participants were
excluded if their shoulder pain began after a traumatic
injury, was reproduced during a cervical spine screen, or
was associated with a loss of shoulder range of motion
>25% compared with the contralateral side in at least 2
of 3 motions (flexion-extension, abduction-adduction, or
internal-external rotation).35 Asymptomatic participants
were included if they reported no history of shoulder pain.
Participants were excluded from either group if they
reported a history of shoulder fracture, dislocation, inflam-
matory joint disease, or adhesive capsulitis.

Although group comparisons were not the primary objec-
tive of this study, characteristics, minimum supraspinatus-
to-glenoid distances, and glenoid morphology between
groups were analyzed to ensure there was no confounding
effect of group. Characteristics information is available in
Table 1. There were no statistically significant differences
in characteristics between groups.

Data Processing

The methods largely followed those of previous work
described elsewhere.19 Briefly, magnetic resonance (MR)
images were obtained for all participants using a 3-T
Siemens Magnetom SKYRA system (Siemens Healthcare)
and a specialized sequence to visualize tendon margins.
These images were subsequently manually segmented to
create 3-dimensional (3D) models of the humerus, the scap-
ula, and the supraspinatus tendon (Mimics software; Mate-
rialise). While creating the supraspinatus tendon models,
the delineation between the supraspinatus and the infra-
spinatus was carefully identified and often resulted in the
infraspinatus inserting onto the superior facet of the
greater tubercle in accordance with its insertion described
by Mochizuki et al.27 (Figure 1). For the purposes of this
study, 2 regions of interest were defined on the supraspi-
natus tendon. First, the supraspinatus footprint was
defined as the enthesis portion of the supraspinatus tendon
inserting into the humerus (Figure 1A). Second, the supras-
pinatus tendon region was defined as the supraspinatus
footprint plus the 1-cm portion of the supraspinatus tendon
immediately medial to the footprint (Figure 1, A and B).
This portion of the supraspinatus tendon corresponds to
the region where most tears are thought to initiate.8,22
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Although the footprint was also contained within the ten-
don region, the footprint in isolation was still of interest to
facilitate comparison of findings with previous work that
quantified minimum distances to only the bony supraspi-
natus insertion on the humerus.7

Each participant’s 3D models were rotated as rigid bod-
ies using standardized angular kinematics that simulated a
functional reaching task. The standardized kinematics
were derived from a previous study in which asymptomatic
participants were asked to raise their arm as if reaching for
an object on a high shelf with no attempt to control the
plane of motion or height of reaching.5 The mean plane of
motion across participants varied throughout the simu-
lated motion, ranging from approximately 7� to 23� anterior
to the scapular plane.5 That study extracted the mean
humerothoracic, scapulothoracic, and glenohumeral joint
angles across all participants. For the purpose of this study,

the standardized kinematics were defined as the mean gle-
nohumeral angular kinematics at each 5� increment of
humerothoracic elevation between 0� to 150� from the pre-
vious study.5 Throughout the simulated reaching task, the
humeral head remained centered on the glenoid, such that
no translations occurred. Additionally, a standardized
humeral retroversion19,24 was simulated because the
humeral epicondyles could not be imaged because of restric-
tions of the MR scanner’s field of view. The minimum dis-
tance of the supraspinatus footprint and tendon region
relative to the glenoid was the specific measure of
proximity.

The use of standardized kinematics allowed us to directly
assess the extent to which the humerothoracic elevation
angle and anatomic morphology affected the proximity of
the supraspinatus tendon and the glenoid. For example,
within-participant changes in minimum distances across
the range of motion can be directly attributed to the humer-
othoracic elevation angle as all other kinematics were held
constant. Furthermore, between-participant differences in
minimum distances at the same humerothoracic elevation
angle can be directly attributed to anatomic differences.

At each increment of simulated humerothoracic elevation,
minimum distances were calculated using a custom MATLAB
code (MathWorks) between the surfaces of the glenoid and (1)
the supraspinatus footprint and (2) the supraspinatus tendon
region.19,20 From these calculations, 2 primary outcome mea-
sures were calculated for both the supraspinatus tendon
region and the footprint. First, the minimum distance
between the glenoid and the supraspinatus tendon region or
the footprint was calculated as the smallest distance between
structures for each humerothoracic elevation angle. Second, if
the supraspinatus tendon region or the footprint came into
contact with the glenoid during the simulation (ie, minimum
distance of 0 mm, beyond which the tendon model would
physically overlap with the glenoid model), the humerothor-
acic angle at which contact occurred was documented (Figure
2). The patterns of supraspinatus-to-glenoid minimum dis-
tances were then compared with previously described pat-
terns of supraspinatus-to-coracoacromial arch minimum
distances.19

Also, 3D glenoid morphology (glenoid version and incli-
nation) was calculated by relating the orientation of the
glenoid axes to the scapular axes. The axes of the glenoid

TABLE 1
Participant Characteristicsa

Asymptomatic (n ¼ 10) Symptomatic (n ¼ 10) P Value (95% CI)

Age, y 38.5 ± 12.8 43 ± 11.8 .42 (–16.08 to 7.08)b

Height, cm 172.8 ± 8.8 169.7 ± 9.9 .46 (–0.06 to 0.12)b

Weight, kg 75.9 ± 14.2 77.1 ± 16.5 .90 (–15.07 to 13.35)b

BMI, kg/m2 25.5 ± 4.3 26.7 ± 5.3 .59 (–5.72 to 3.35)b

Sex (% male) 5 (50) 4 (40) �.99 (0.08 to 5.36)c

Side tested (% dominant) 8 (80) 10 (100) .47 (0.19 to 1)c

aData are presented as mean ± SD or n (%). BMI, body mass index.
bIndependent 2-sample t test.
cFisher exact test.

Figure 1. Supraspinatus regions of interest. (A) Supraspinatus
footprint: the portion of the supraspinatus tendon inserting
into the humerus. (A and B together) Supraspinatus tendon
region: the footprint and the portion of the supraspinatus ten-
don that was 1 cm medial to the footprint. (C) The supraspi-
natus muscle and (D) the infraspinatus tendon and muscle.
Note that the infraspinatus insertion was often found to over-
lap with the supraspinatus to insert onto superior facet of the
greater tuberosity, which is consistent with the description by
Mochizuki et al.27
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were determined using a principal-components analysis of
points along the glenoid rim. The analysis resulted in
orthogonal axes in which the first principal axis was
predominantly directed superiorly-inferiorly (Gy axis)
(Figure 3), the second principal axis was predominantly
directed anteriorly-posteriorly (Gx axis), and the third prin-
cipal axis was predominantly directed medially-laterally,
perpendicular to the face of the glenoid (Gz axis). A scapular
reference frame was defined using the following

landmarks: the root of the scapular spine, the inferior
angle, and the glenoid center. The first scapular axis (Sz

axis) was directed laterally from the root of the spine to the
glenoid center, the second axis (Sx axis) was directed ante-
riorly perpendicular to the plane of the scapula defined by
the 3 landmarks, and the third axis (Sy axis) was perpen-
dicular to the first 2 and directed superiorly. Glenoid incli-
nation was calculated as the angle between the scapular
superior-inferior axis (perpendicular to the line from the
root of the scapular spine to the glenoid center) and the
glenoid superior-inferior axis after projecting the glenoid
axes onto the scapular coronal plane (Figure 3A). This tech-
nique results in an inclination value that is approximately
complementary to the b angle and is consistent with other
biomechanical research.6 The glenoid version was calcu-
lated as the angle between the scapular anterior-posterior
axis (perpendicular to the plane of the scapula) and the
glenoid anterior-posterior axis after projecting the glenoid
axes onto the scapular transverse plane (Figure 3B). Using
these calculations, positive values indicated glenoid incli-
nation and anteversion, respectively.

Figure 3. The glenoid and scapular coordinate systems used to
calculate (A) glenoid inclination (y) and (B) glenoid version (y).
The scapular reference frame is represented by the red, green,
and blue lines and is defined by the root of the scapular spine,
the inferior angle, and the glenoid center landmarks. The scap-
ular superior-inferior axis was perpendicular to the line from the
root of the scapular spine to the glenoid center (green), and the
scapular anterior-posterior axis was perpendicular to the plane
of the scapula (red). The origin of the scapular reference frame is
located at the glenoid center. The glenoid reference frame axes
are represented by black lines. Glenoid inclination was defined
as the angle between the scapular superior-inferior axis and the
glenoid superior-inferior axis after projecting the glenoid axes
on the scapular plane. This definition is consistent with other
biomechanical research and results in an inclination value that is
approximately complementary to the b angle.6 Glenoid version
was defined as the angle between the scapular anterior-
posterior axis and the glenoid anterior-posterior axis after pro-
jecting the glenoid axes on the transverse scapular plane.

Figure 2. The minimum distance between the supraspinatus
tendon region and the glenoid at 3 humerothoracic elevation
positions in a representative participant (superior view). Red-
color mapping on the tendon indicates contact. The scapula
is semitransparent so as to allow for visualization of the
supraspinatus tendon. (A) At 110� of simulated humerothor-
acic elevation (glenohumeral position of 70� elevation,
humeral plane of elevation 17� anterior to the scapular plane,
and 66� humeral external rotation), the supraspinatus tendon
region is 6.1 mm from the glenoid. (B) At 120� humeral eleva-
tion (glenohumeral position of 78� elevation, humeral plane of
elevation 14� anterior to the scapular plane, and 65� humeral
external rotation), the supraspinatus tendon region is 3.7 mm
from the glenoid. (C) At 130� humeral elevation (glenohumeral
position of 85� elevation, humeral plane of elevation 9� ante-
rior to the scapular plane, and 64� humeral external rotation),
the supraspinatus tendon region is contacting the glenoid (red
color).
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Statistical Analysis

Group differences were not expected because of the use of
standardized kinematics in the overhead reaching task
simulation. However, groups were compared statistically
to ensure that any unexpected group differences because
of anatomic differences did not confound the results. Demo-
graphic data were compared between groups using
2-sample t tests or Fisher exact tests, as appropriate.
Descriptive statistics were calculated for the minimum dis-
tances between the glenoid and the supraspinatus tendon
region and the glenoid and the footprint across the humer-
othoracic elevation angle. Before the statistical analysis, all
variables were assessed for normality within each group
using the skewness and kurtosis coefficients. For the ten-
don region to the glenoid contact angle, data were found to
be non-normal, and the subsequent transformation was
unsuccessful. Thus, the tendon region-to-glenoid contact
angles were compared between groups using a nonpara-
metric Mann-Whitney test. For the footprint-to-glenoid
contact angle, several models did not make contact within
the 150� simulation, which precluded group comparisons.
Instead, the footprint-to-glenoid contact angle data are pro-
vided descriptively. Finally, morphology data were not nor-
mally distributed, and transformation of the data was
unsuccessful. Thus, nonparametric Mann-Whitney tests
were used to compare groups. The extent to which the ten-
don region-to-glenoid contact angle was associated with
glenoid morphology (inclination and version) was assessed
using Pearson correlation coefficients and simple linear
regressions. The level of significance for all analyses was
P< .05. All statistics were performed using R 3.5.1 (R Foun-
dation for Statistical Computing).

RESULTS

Overall, the minimum distance between the glenoid and
the supraspinatus tendon region decreased as humerothor-
acic elevation increased (Figure 4A). At 90� humerothoracic
elevation, the mean tendon region-to-glenoid minimum

distance across participants’ models was 10.4 ± 3.3 mm,
which reduced to 2.3 ± 2.7 mm at 120� and 0 ± 0 mm at
150�. The minimum distance between the glenoid and the
footprint, like the tendon region, decreased as humerothor-
acic elevation increased (Figure 4B). The mean minimum
distance between the glenoid and the supraspinatus foot-
print was 17.4 ± 3.2 mm at 90�, 8.7 ± 3.6 mm at 120�, and 1.1
± 1.7 mm at 150�.

Contact between the supraspinatus tendon region and
the glenoid eventually occurred in all participant models,
and there were no significant differences in the contact
angle between groups (P ¼ .67; 95% CI, –15 to 5) (Table
2). Initial tendon region contact occurred at a mean humer-
othoracic elevation angle of 123� ± 10� but ranged from 105�

to 145�. Contact between the supraspinatus footprint and
the glenoid occurred in 13 out of 20 participant models
(65%). Of those that made contact, initial contact occurred
at a mean humerothoracic elevation angle of 139� ± 10�.

There were no group differences in glenoid morphology
(glenoid inclination: P ¼ .28; 95% CI, –6.00 to 1.60; glenoid
version: P¼ .14; 95% CI, –1.91 to 6.25) (Table 2). The stron-
gest association between glenoid morphology and the
supraspinatus tendon region-to-glenoid contact angle was
found for glenoid version (r ¼ –0.76; R2 ¼ 0.58; P < .01)
(Figure 5). The negative correlation indicates that

Figure 4. Models for each participant: the minimum distance between the glenoid and (A) the supraspinatus tendon region and (B)
the footprint across the simulated functional reaching task.

TABLE 2
Group Comparisonsa

Asymptomatic Symptomatic
P Value

(95% CI)b

Tendon contact
elevation
angle, deg

122 ± 11 125 ± 9 .67 (–15 to 5)

Glenoid version,
deg

–12.1 ± 3.4 –14.4 ± 4 .14 (–1.91 to 6.25)

Glenoid
inclination, deg

11.6 ± 4.5 13.1 ± 4.3 .28 (–6 to 1.60)

aData are reported as mean ± SD.
bNonparametric Mann-Whitney test.
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participant models with less glenoid retroversion tended to
experience contact at lower angles of humerothoracic ele-
vation. The glenoid inclination was weakly but insignifi-
cantly (r ¼ 0.18; R2 ¼ 0.03; P ¼ .46) associated with the
contact angle. Based on a post hoc analysis of this study’s
sample size, the statistical power available for these corre-
lations was the ability to detect r � 0.60 as significant (a ¼
.05), with a power of 80%.

DISCUSSION

The primary purpose of this study was to investigate the
effect of humeral elevation on measures of proximity as a
proxy for internal impingement of the supraspinatus ten-
don against the glenoid. Our results show that as the
humeral elevation angle increased, the minimum distance
between the glenoid and the supraspinatus tendon region
decreased until contact occurred at a mean of 123� ± 10� of
elevation, ranging from 105� to 145� (Figure 4A). As the
humeral elevation increased, the minimum distance
between the glenoid and the supraspinatus footprint
decreased as well. With regard to the tendon region, contact
with the glenoid eventually occurred in all participant mod-
els. In this rigid body modeling, once contact was made
between the supraspinatus and the glenoid, further eleva-
tion resulted in the supraspinatus and the glenoid occupy-
ing the same physical space, which cannot occur
physiologically. Rather, the supraspinatus must deform
around the glenoid. The results also demonstrated that a
more anteriorly oriented glenoid (ie, less glenoid retrover-
sion) was associated with earlier contact between the glen-
oid and the supraspinatus tendon (r ¼ –0.76; R2 ¼ 0.58;
P< .01), suggesting that scapular morphology likely affects
proximity measurements.

Similar to the current study, a study by Coats-Thomas
et al7 investigated the effect of humerothoracic elevation on
the internal impingement “risk” in 9 asymptomatic partici-
pants. Risk was determined by a bone-to-bone minimum

distance between the supraspinatus tendon footprint and
the glenoid using bilateral MR-based 3D models and
participant-specific scapular plane abduction kinematics.
Although the authors found that the minimum distance
between the footprint and the glenoid decreased as the
humeral elevation angle increased, in agreement with the
findings of the current study, they also found smaller min-
imum distances. For example, at 100� of humerothoracic
elevation, Coats-Thomas et al found a mean minimum dis-
tance of approximately 10 mm between the supraspinatus
bony footprint and the glenoid, while the current study
found a mean minimum distance of 14.9 mm between the
supraspinatus tendon footprint and the glenoid. The bone-
to-bone minimum distance in the current study would have
been even larger than 14.9 mm, as it would have included
the space occupied by the footprint portion of the tendon,
generally 3- to 6-mm thick in this region.12 Additionally,
Coats-Thomas et al found that the minimum distance
between the bony insertion and the glenoid was never less
than the high-risk threshold of 4 mm (based on expected
soft tissue thickness). However, the current study found
minimum distances decreased below 4 mm during eleva-
tions beyond 100�, even to the point of contact in 13 out of
20 models.

Methodological factors likely contributed to the differ-
ences in results between Coats-Thomas et al7 and the cur-
rent study. First, Coats-Thomas et al evaluated minimum
distances from a small sample of participant-specific kine-
matics collected during weighted scapular plane abduction.
In comparison, the current study used standardized kine-
matics determined by the mean glenohumeral rotations
from 12 participants during an overhead reaching task.5

The plane of humeral elevation may influence the supras-
pinatus tendon’s proximity to surrounding structures and
could partially explain the differences in findings.20 Fur-
ther, the humeral head remained centered in the glenoid
throughout motion in the current study. Participant-
specific changes in humeral rotation or translation may
have altered the minimum distances found in this study.
Last and most important, the participants in the Coats-
Thomas et al study did not perform humerothoracic
elevation above a mean of 100�, whereas the current study
investigated motion through 150�. Had they continued to
collect minimum distances through the full range of humer-
othoracic elevation, Coats-Thomas et al may have also
found evidence of contact between the supraspinatus foot-
print and the glenoid.

While the analysis of the minimum distance between
the footprint and the glenoid facilitates comparison with
previous studies, it does not represent internal impinge-
ment of the deformable aspect of the tendon. Importantly,
our analysis of the supraspinatus tendon region found
that contact with the glenoid occurred at a mean elevation
angle of 123� and contact eventually occurred in every
model. This contact was consistently occurring, even with
standardized kinematics, including the humeral head
fixed at the center of the glenoid (Figure 4). Theoretically,
if a participant’s humeral head were to translate inferiorly
even a small amount during overhead reaching, the
undersurface of the supraspinatus tendon may make

Figure 5. Relationship between the glenoid version and the
degree of humerothoracic elevation at which a contact
between the supraspinatus tendon and the glenoid
first occurs. The negative version represents retroversion
(r ¼ –0.76; R2 ¼ 0.58; P < .01).
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contact with the glenoid at a lower elevation angle. Fur-
ther, scapulothoracic upward rotation may also affect the
tendon to the glenoid contact angle. For example, at a
given angle of humerothoracic elevation, if the scapula
were to be in a position of less upward rotation relative
to humeral elevation, the superior rim of the glenoid
would theoretically be in a position more likely to make
contact with the supraspinatus tendon. Alternatively,
increased upward rotation relative to humeral elevation
could be protective in maximizing the humerothoracic
range of motion before internal impingement or tendon-
to-glenoid contact would occur. However, these theories
require more research to understand how alterations in
scapular motion or humeral translation affect mechan-
isms of internal impingement in vivo.

Substantial variability in the minimum distance was
observed between participants at all angles of elevation
(Figure 4). Because the research protocol imposed stan-
dardized kinematics and humeral retroversion across par-
ticipants, between-participant variability in minimum
distances can only be because of anatomic differences. One
such anatomic feature that varies across participants is the
amount of glenoid version. The results of this study suggest
that 58% of the variability in the contact angle between
participants may be explained by glenoid version (Figure
5). Specifically, as the glenoid becomes less retroverted, the
posterior-superior rim of the glenoid tends to be closer to
the path of the supraspinatus tendon, allowing contact to

occur at lower ranges of humeral elevation compared with a
more retroverted glenoid (Figure 6). This is particularly
relevant for humeral elevation motions during which the
humerus is also externally rotating, bringing the insertion
of the supraspinatus closer to the posterior-superior glen-
oid rim.

Given that the supraspinatus tendon region made con-
tact with the glenoid in all participant models during the
elevation simulation, it is possible that, regardless of anat-
omy, contact will eventually occur if an individual reaches
high enough overhead. Walch et al39 proposed that contact
between the supraspinatus tendon and the glenoid is phys-
iological and becomes pathological with repetitive expo-
sure. The mechanism for pathology is likely more complex
than contact alone; the frequency of contact and the inher-
ent and biologic resilience of the tissue need to be consid-
ered also. Our findings indicate that contact may occur
during overhead reaching beyond 120�, even without
extremes of external rotation typically considered. Over-
head reaching is a common motion in typical daily activities
of the general population.29 Therefore, internal impinge-
ment from contact between the supraspinatus and the glen-
oid may be occurring much more commonly than previously
thought.

In addition to describing the minimum distances and
prevalence of contact between the supraspinatus tendon
and the glenoid during a simulated overhead reaching task,
a secondary purpose of this study was to descriptively com-
pare these results with those from a previous investigation
of supraspinatus tendon proximities to the coracoacromial
arch using a similar methodology.19 As expected, subacro-
mial and internal supraspinatus contact—with the coraco-
acromial arch and glenoid, respectively—occur in distinct
ranges of humeral elevation within the same functional
reach simulation (Figure 7). Specifically, the supraspinatus
tendon was closest to the coracoacromial arch between 0� to
60� humerothoracic elevation, whereas it approached the
glenoid above 100� humerothoracic elevation. However, the
prevalence of contact yielded the most surprising compari-
son between studies. Contact between the supraspinatus
tendon and the coracoacromial arch occurred in only 10 of
20 models, whereas the current study found that contact
between the supraspinatus tendon and the glenoid eventu-
ally occurred in all 20 models. Taken together, these find-
ings suggest that deformation of the supraspinatus tendon
against the glenoid may occur more frequently and at
higher angles of elevation compared with deformation of
the supraspinatus tendon beneath the coracoacromial arch
(Figure 7). Therefore, the findings of this study suggest that
glenoid or internal impingement may be a more prevalent
mechanism for rotator cuff deformation, deserving more
research attention. Further, these findings may spur fur-
ther discussion into other anatomic factors that influence
rotator cuff compression or deformation with shoulder
motion.

We recommend that clinicians bear the results of this
study in mind when educating patients about pain allevia-
tion and the risks of further injury. This study adds to the
body of literature, indicating that overhead reaching may
increase the risk of shoulder pain and injury.3,26,32,33,36,38

Figure 6. A comparison of the impact of the glenoid version
from a superior view. The glenoid on the left has –9.5� of
version, while the glenoid on the right has –20.5� of version.
The glenoid on the right is more retroverted, and the superior
border of the glenoid may remain clear of the supraspinatus
tendon (red) into higher ranges of elevation compared with a
less retroverted glenoid. The effect of glenoid retroversion on
the contact angle is most relevant during elevation combined
with humeral external rotation, as was simulated in this study.
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Patients who perform repetitive or prolonged overhead
activities should be informed of the risks thereof and should
be taught mitigation strategies. Clinicians should also rec-
ognize that the findings of this study imply that commonly
used clinical testing (eg, Neer impingement sign) are not
measuring subacromial impingement as originally
described. If a patient reported pain during the test with
one’s shoulder at, for example, 110� of shoulder elevation,
the test would be considered positive and the clinician
might suspect that the supraspinatus tendon was being
compressed by the acromion. However, the data from this
study suggest that the patient in this scenario may actually
be experiencing supraspinatus compression or deformation
from the glenoid (internal impingement), not the acromion.
This should be kept in mind when determining clinical
interventions, including surgical planning.

Limitations

This study had several limitations. First, the models were
created from MR images taken in a supine position in which
the supraspinatus muscle was relaxed, while a functional

reaching motion would occur in an upright position with a
contracting supraspinatus. Muscle contraction increases
muscle thickness during arm elevation15 but theoretically
should not substantially alter tendon thickness. Studies
have found that the portion of the supraspinatus included
in this study is tendinous, not muscular16; therefore, we do
not expect that muscle contraction would have substan-
tially altered our results. However, further research is
needed to understand how muscle contraction changes
rotator cuff musculotendinous thickness during overhead
reaching.

Second, the anatomic models in this study used a stan-
dardized amount of humeral retroversion, as the humeral
epicondyles were not imaged because of the limited field of
view of the MR scanner.19 While this meant the initial
alignment of the models was not participant-specific, the
standardized humeral retroversion also eliminated a poten-
tial source of variance by allowing us to directly assess the
effects of humerothoracic elevation on minimum distance
without confounding effects from between-participant dif-
ferences in humeral retroversion. Nevertheless, the degree
of retroversion may affect the minimum distance between

Figure 7. Prevalence (percentage of participants) of contact between the supraspinatus tendon and the coracoacromial (CA) arch
and the glenoid across humerothoracic elevation angles during simulated overhead reaching in 20 participants. Contact between
the supraspinatus and the CA arch was defined as a volume of intersection between the tendon and the CA arch >0 mm3

(Lawrence et al19). Contact between the supraspinatus and the glenoid was defined as a minimum distance between the tendon
and the glenoid of <0 mm.
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the supraspinatus and the glenoid, and more research is
needed to fully understand the influence of these anatomic
variations.

Third, the study design fixed the humeral head at the
center of the glenoid throughout the reaching movement,
although other studies have shown that the humeral head
does not necessarily stay centered during movement.2,18,23

Like retroversion, we standardized humeral translation in
this study to eliminate confounding our analysis of the
effects of humeral elevation on minimum distance of the
supraspinatus tendon to the glenoid. Superior translation
may increase minimum distances to the glenoid and reduce
the risk of tendon contact and deformation, while inferior
translation may decrease minimum distances and increase
the risk of tendon contact with the glenoid.

Fourth, the quality of the supraspinatus tendon and
muscle tissue was not directly evaluated in this study.
However, a board-certified orthopaedic surgeon (J.P.B.)
reviewed all MR images, and no full-thickness rotator cuff
tears were identified. Differences in tissue quality may
influence individual kinematics, but as standardized kine-
matics were applied to all participant models in this study,
we do not believe this limitation substantially affects the
results.

Finally, the supraspinatus tendon was modeled as a
rigid body in this study. As such, the modeled tendons
could not deform or move away from the humeral head
as they might in vivo. Future research should employ
more complex computational models, such as finite ele-
ment models, to assess tendon deformation during arm
motion. This limitation does not affect our results of the
proximity between the glenoid and the supraspinatus foot-
print, as this aspect of the tendon inserts directly into the
humerus and moves with the humerus. Importantly, 65%
of participant simulations in this study demonstrated con-
tact between the footprint and the glenoid, although the
mean humerothoracic elevation angle of the initial foot-
print contact (139�) was higher than that of the initial
tendon contact. Thus, these findings still present a clear
risk of internal impingement at high ranges of overhead
reaching range of motion.

Despite these limitations, our study provides a direct
analysis of the effect of humeral elevation on supraspinatus
tendon proximity to the glenoid. Because kinematics were
standardized across participants, variability in minimum
distances can be attributed to anatomic differences. There-
fore, we can begin to identify motion and anatomic factors
that result in repeated tendon deformation during motion,
which may subsequently lead to tendon degeneration.
Future research is needed to determine what bony geome-
try most influences tendon deformation and directly assess
tendon stresses and strains during arm motion. Additional
longitudinal research is needed to determine if tendon
deformation increases the risk of shoulder pain. Finally,
future studies should investigate which participant-
specific movement patterns affect tendon deformation to
inform conservative rehabilitation treatment.

CONCLUSION

The supraspinatus tendon progressively approximated the
glenoid throughout humerothoracic elevation and eventu-
ally made contact with the glenoid by 150� in all overhead
reaching simulations in this study. Overall, the findings of
this study suggest that contact between the supraspinatus
and the glenoid may occur frequently within the range of
elevation required for functional overhead activities.

REFERENCES

1. Barreto RPG, Braman JP, Ludewig PM, Ribeiro LP, Camargo PR.

Bilateral magnetic resonance imaging findings in individuals with uni-

lateral shoulder pain. J Shoulder Elbow Surg. 2019;28(9):1699-1706.

2. Bey MJ, Brock SK, Beierwaltes WN, Zauel R, Kolowich PA, Lock TR. In

vivo measurement of subacromial space width during shoulder eleva-

tion: technique and preliminary results in patients following unilateral

rotator cuff repair. Clin Biomech (Bristol, Avon). 2007;22(7):767-773.

3. Björkstén MG, Boquist B, Talbäck M, Edling C. Reported neck and
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